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ABSTRACT 
Efficient photocatalysis requires multifunctional materials that absorb photons and generate 
energetic charge carriers at catalytic active sites to facilitate a desired chemical reaction. 
Antenna-reactor complexes are an emerging multifunctional photocatalytic structure where the 
strong, localized near field of the plasmonic metal nanoparticle (e.g. Ag) is coupled to the 
catalytic properties of the non-plasmonic metal nanoparticle (e.g. Pt) to enable chemical 
transformations. With an eye towards sustainable solar driven photocatalysis we investigate how 
the structure of antenna-reactor complexes governs their photocatalytic activity in the light-
limited regime, where all photons need to be effectively utilized. By synthesizing 
core@shell/satellite (Ag@SiO2/Pt) antenna-reactor complexes with varying Ag nanoparticle 
diameters and performing photocatalytic CO oxidation, we observed plasmon-enhanced 
photocatalysis only for antenna-reactor complexes with antenna components of intermediate size 
(25 and 50 nm). Optimal photocatalytic performance was shown to be determined by a balance 
between maximized local field enhancements at the catalytically active Pt surface, minimized 
collective scattering of photons out of the catalyst bed by the complexes, and minimal light 
absorption in the Ag nanoparticle antenna. These results elucidate the critical aspects of local 
field enhancement, light scattering, and absorption in plasmonic photocatalyst design, especially 
under light-limited illumination conditions. 
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MAIN TEXT 
The utilization of solar energy to drive photocatalysis has been demonstrated for a wide range of 
important reactions, offering approaches for sustainable fuel production,
1
 pollutant remediation,
2
 
and structurally complex organic compound synthesis.
3
 While the design of heterogeneous 
photocatalysts has focused largely on semiconducting light absorbers,
4,5
 it has recently been 
demonstrated that metallic nanostructures offer unique characteristics for facilitating 
photocatalytic reactions.
6-9
 Strong light absorption through the excitation of localized surface 
plasmons on plasmonic metal nanostructures
10
 comprised of Au,
11-13
 Ag,
14-16
 Cu,
17
 or Al,
18
 has 
been shown to drive photocatalytic processes through the excitation and transient transfer of 
energetic, or hot, carriers to adsorbates.
19-24
 However, there is limited evidence that the energies 
of hot carriers in plasmonic nanostructures can be selectively tailored to target specific catalytic 
reaction pathways,
25,26
 and plasmonic nanostructures are optimal catalysts for only a very few 
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relevant industrial chemical processes. It has also been shown that irradiation of non-plasmonic 
metal nanostructures (e.g. Pt, Pd, Rh, Ru), a category that comprises the vast majority of 
commercial supported metal catalysts, by relatively low-intensity visible light, can increase the 
rate of catalyzed reactions.
27-30
 Illumination of non-plasmonic metal nanostructures can also 
enable control of reaction selectivity through resonant photoexcitation of bond-specific 
adsorbate-metal electronic transitions.
31
 Despite their promise of light-controlled reaction 
specificity, the lack of a viable mechanism for effective coupling to the incident light field limits 
the potential of standalone non-plasmonic catalytic structures for photocatalysis.
32,33
 
Optimal metal photocatalysts should combine the excellent light-harvesting properties of 
plasmonic nanostructures with the more versatile catalytic and photocatalytic properties of non-
plasmonic, catalytic nanostructures. Approaches to achieve this multifunctionality have primarily 
relied on the synthesis of alloyed or directly interfaced nanostructures (e.g. Au/Pd),
34-37
 which 
modify the inherent behavior of each constituent, influencing both the local field enhancements 
and the catalytic characteristics. Other approaches have utilized top-down lithographic 
techniques, by which 2-dimensional films of photocatalysts were obtained.
38-41
 Recently it has 
been shown that Pd nanoparticle-decorated, oxide-coated Al nanocrystals enable efficient 
plasmon-induced photocatalysis at the Pd surface, where the plasmonic and catalytic functions 
were effectively distinct.
42
 This general structure has been called an “antenna-reactor” complex, 
where the plasmonic nanoparticle is the antenna and the catalytic particle, which can be 
interchanged based on desired reactivity, is the reactor. In an antenna-reactor complex, the local 
field induced by the photoexcited antenna particle drives a “forced” plasmon in the non-
plasmonic, catalytic nanoparticle: this forced plasmon can serve as a direct source of hot carriers 
in the catalytic particle to drive chemical processes without the need for charge transfer between 
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the antenna and the reactor components of the nanocomplex. In the initial demonstrations of 
antenna-reactor coupling, however, the optimal geometric configuration of the constituent 
materials to maximize photocatalytic performance was not addressed. Furthermore, while it is 
relatively straightforward to conclude that localizing a plasmonic particle near a non-plasmonic 
catalytic particle will enhance light absorption in the non-plasmonic particle, it is not clear how 
this translates to enhanced photocatalysis in the light-limited regime, where all photons must be 
utilized in a 3-D packed bed of catalytic particles. Optimizing photocatalytic complexes for 
highest efficiency photon management in the light-limited regime is of critical importance for 
further development of this approach. 
In the work reported here, a series of antenna-reactor complexes consisting of 
core@shell/satellite (Ag@SiO2/Pt) heterostructures with varying Ag core diameter (12, 25, 50 
and 100 nm) were synthesized and their photocatalytic properties for the kinetically well-defined 
CO oxidation reaction were quantitatively compared. Rigorous quantum yield measurements in 
the light-limited regime demonstrate that for heterostructures with Ag nanoparticles (Ag NPs) in 
an intermediate size range of 25 and 50 nm diameter, plasmon-enhanced photocatalytic 
performance was observed at rates more than four times larger than for either smaller (12 nm 
diameter) or larger (100 nm diameter) Ag particles. Using optical and Monte Carlo simulations, 
it was shown that if the Ag NPs were too large, the heterostructures scattered light out of the 
catalyst bed, reducing photocatalytic reactivity. If the Ag NPs were too small, local field 
enhancements at the Pt-CO interface, where catalysis occurs, were reduced, and the Ag NPs 
would act as the primary optical absorbers. For optimal photocatalysis, the structures should be 
designed not only to maximize local field enhancements at the catalytic interface, but also to 
optimize photon penetration into the 3D ensemble of photocatalytic heterostructures in the 
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catalyst bed, where each heterostructure behaves locally both as an absorber and a scatterer of 
the incident light. 
To exploit the enhanced local fields of illuminated plasmonic nanoparticles to drive 
photocatalysis on non-plasmonic nanoparticles, the catalytically active nanoparticles (Pt NPs in 
this case) should be positioned within the near field of the plasmonic nanoparticle (Ag NPs in 
this case) to enable near-field coupling.
43
 The antenna-reactor complexes synthesized for this 
study were designed to exploit this type of coupling. They are concentric, core@shell/satellites 
heterostructures consisting of ~5 nm diameter Pt NPs deposited on SiO2 coated spherical Ag 
NPs. A pinhole-free SiO2 spacer layer between the Ag NP surface and the Pt NPs was introduced 
to avoid potential catalytic activity from Ag itself, and to stabilize the heterostructure under 
reaction conditions. Although the SiO2 layer weakens the electromagnetic coupling between Ag 
and Pt, this thin (~8-10 nm) dielectric minimizes interfacial plasmon damping, which would 
otherwise occur at the Pt-Ag interface. It also increases the electromagnetic field energy density 
at the catalytic Pt surface. Both these effects are beneficial for enhancement of the local field of 
the Ag NP at the Pt surface.  
The strategy used to synthesize the Ag@SiO2/Pt heterostructures is illustrated in Fig. 1A. Ag 
NPs were synthesized using a colloidal method where seed-mediated consecutive growth stages 
enabled precise control of Ag NP size (12±2, 25±3, 51±5 and 103±8 nm diameter Ag spheres 
were obtained, which in our discussion are labelled 12, 25, 50, and 100 nm Ag, respectively). Ag 
NPs were coated with SiO2 using tetraethoxysilane (TEOS) hydrolysis, where the SiO2 thickness 
was controlled by the amount of TEOS added to the solution and kept constant at a uniform ~8-
10 nm thickness for all Ag sizes. Although a thinner SiO2 layer would be beneficial for 
electromagnetic coupling of the Pt catalytic particles to the Ag antenna particles, a spacer layer 
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thickness of 8-10 nm was used to ensure constant layer thickness and formation of layers that 
were pinhole free. 
 
 
Figure 1. (A) Schematic of the synthesis strategy for the Ag@SiO2/Pt heterostructure for 
plasmon-enhanced photocatalysis on Pt. (B) UV-vis extinction spectra of the Ag (solid curves) 
and Ag@SiO2 (dash curves) structures with varying size Ag cores and constant ~8-10 nm SiO2 
shells. (C-F) TEM images of the Ag@SiO2 structures with varying size Ag cores and constant 
~8-10 nm SiO2 shells. Insets of (C-F) show corresponding Ag@SiO2/Pt heterostructures. The 
colors of curves in (B) and borders in (C-F) denote the size of Ag NPs: 12 nm (red), 25 nm 
(green), 50 nm (yellow), and 100 nm (blue). (G) TEM images of the synthesized SiO2 spheres. 
Inset of (G) shows corresponding SiO2/Pt heterostructures. All scale bars in (C-G) are 50 nm. 
 
The characteristic plasmon peak wavelength redshifted with increases in Ag size (Figure S1) and 
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with the SiO2 coating, as expected (Figure 1B and Table S1). 5nm Pt NPs (5.2±1.3 nm) were 
synthesized separately from the Ag@SiO2 structures, where a Pt precursor (H2PtCl6) was 
reduced by NaBH4, and sodium citrate was used as a capping agent, which was removed prior to 
catalysis by calcination. Then the as-synthesized Pt NPs were bound to the Ag@SiO2 structures 
through impregnation. Transmission Electron Microscopy (TEM) images of Ag@SiO2 structures 
with varying Ag sizes and a constant 8-10 nm SiO2 shell are shown in Figure 1C-F, and images 
of corresponding Ag@SiO2/Pt heterostructures are shown in insets. To interrogate differences 
between the photocatalytic performances of Pt NPs with and without antenna near-field 
coupling, we also prepared Pt NPs supported on bare 50 nm diameter SiO2 spheres synthesized 
via the Stöber method (Figure 1G). The weight loading of Pt in all structures was identical (1.0% 
with respect to the total weight of the heterostructures) so that the photocatalytic properties could 
be compared directly, without sample-to-sample variations. At constant Pt weight loading, the 
total number of Pt NPs per Ag@SiO2 structure is expected to increase with increasing Ag size, as 
is seen in the TEM images, however, the total number of Pt NPs loaded in the catalyst bed that 
perform photocatalysis was kept constant across all samples (see experimental details in 
Supporting Information). We note that there is some inhomogeneity in the SiO2 thickness on the 
Ag(100 nm)@SiO2/Pt heterostructure. Although we expect this not to influence comparison with 
the other structures due to catalytic measurements being the collective behavior over a huge 
number of particles. 
We used CO oxidation by O2 as a model reaction to examine photocatalytic activity of the 
Ag@SiO2/Pt heterostructures. We have previously developed detailed insights into the 
mechanism of thermal and photocatalytic CO oxidation on Pt NPs, allowing us to focus here on 
how proximal Ag antennas influence Pt photocatalysis in the context of this reaction.
31,44
 The 
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synthesized heterostructures were diluted to 1/5 by weight with SiO2 gel (60~200 mesh), 
considered optically and chemically inert, to reduce the spatial density of the heterostructures 
and avoid catalytic mass and heat transfer limitations. Reactions were performed in a continuous 
flow isothermal packed bed reactor, which allowed for catalyst illumination and temperature 
control.
14,15,31
 Thermal kinetic measurements (performed without illumination) showed that the 
synthesized heterostructures exhibited essentially identical activation barriers and very similar (a 
maximum of 2-fold different) CO oxidation reaction rates per gram of Pt, meaning that the Pt in 
all samples exhibited consistent inherent catalytic properties (Figure S2). In this reaction, kinetic 
measurements under identical conditions showed that CO desorption is the rate-limiting step 
(RLS), because the Pt surface is poisoned by a complete monolayer of CO under reaction 
conditions.
45
 Then, when the catalyst is illuminated under operating conditions, any increases in 
reaction rate (CO2 production) are driven by increased rates of Pt-CO bond breaking, creating 
available Pt sites for O2 adsorption, dissociation, and CO2 formation.
45
 
Photocatalysis was driven by continuous wave illumination from a Xenon lamp, which was used 
either in a broadband white light mode with a maximum photon flux of ~600 mW/cm
2
 (spectral 
output shown in Figure S3), or as spectrally filtered bands with ~45 nm full-width at half-
maximum and a maximum photon flux of ~120 mW/cm
2
. We used illumination by wavelengths 
in the range of 350−700 nm, where direct photoexcitation of intramolecular HOMO−LUMO 
electronic transitions localized solely in CO is excluded and all photon absorption involves 
excitation of the metals.
31
 Photocatalytic rates (Eq. 1) were calculated as the difference of 
reaction rates (molecules/s) under illumination (photothermal) and in the dark (thermal), see 
Figure S4: 
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	ℎ	
		   = ℎℎ	 

  − ℎ		(

 )   (Eq. 1) 
Photoenhancements (Eq. 2) were defined as the ratio between the steady state photothermal 
reaction rate and the thermal reaction rate at the same temperature, see Figure S4: 
     ℎℎ =  !	 !	(
"#$%&'$%(
( )
) !	 !	("#$%&'$%(( )
                                   (Eq. 2) 
Quantum yields (QY, Eq. 3) were calculated by normalizing the photocatalytic rate (molecules/s) 
to the photon flux (photons/s). 
      *++	,
-	(./ ) =
.!!01	 !	("#$%&'$%(( )
/	23	(45#6#7(( )
                           (Eq. 3) 
In all photocatalytic measurements, similar background thermal rates were used by finely 
controlling the reaction temperature to ensure there was no influence of the magnitude of the 
thermal rate on the comparison of photocatalytic properties.
15,31
 The catalyst bed was thick 
enough that there was no light transmission through the catalyst bed, ensuring that the system 
was operated in the light-limited regime and justifying comparisons of the QY measurements 
(Figure S5). Performing photocatalytic reactions in the light-limited regime is critical for direct 
comparison of the influence of nanostructure geometry on reaction efficiency where the ultimate 
goal is to optimize performance on a per photon basis under conditions where all photons are 
used. The identical Pt weight loading and thermal catalytic properties of all heterostructures, 
combined with ensured measurements of photocatalysis in the light-limited regime at similar 
background thermal rates, enables a rigorous and quantitative comparison of photocatalytic QY 
on each sample with the only variable changes being the Ag optical properties due to 
nanoparticle size. 
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Figure 2. (A) Photocatalytic rate and photoenhancement of catalytic reactivity as a function of 
light intensity for the Ag@SiO2/Pt heterostructures with different Ag NP sizes. Results for Pt 
NPs deposited on SiO2 are also shown. Error bars associated with intensity (x-direction) and 
photocatalytic rate and photoenhancement (y-direction) are the standard error of three set of 
unique measurements. Broadband light illumination (Figure S3) was used for these experiments. 
(B) Quantum Yield (QY) as a function of light wavelength for CO oxidation on the Ag@SiO2/Pt 
heterostructures with different Ag NP sizes. Results for Pt NPs deposited on SiO2 are also shown. 
Error bars associated with wavelength (x-direction) and QY (y-direction) represent the full-width 
at half-maximum of the monochromator spectral output and the standard error of three unique 
measurements, respectively. 
 
The light intensity-dependent photocatalytic rate and the photoenhancement of CO oxidation 
reactivity under broadband illumination for the five different heterostructures is shown in Figure 
2A. The linear dependence of photocatalytic rate on photon flux provides evidence that 
photocatalysis is driven by single photon absorption events, and that heating (where an 
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exponential dependence would be expected) is minimal in these systems.
15,31
 The linear 
dependence is consistent with the mechanism of photon-induced reactions driven by transient 
localization of excited charge carriers on adsorbates.
14,46
 Interestingly, we found the 
photocatalytic rate for Ag(25 nm)@SiO2/Pt was slightly higher than that for Ag(50 
nm)@SiO2/Pt, while both were higher than that of SiO2/Pt (no Ag) catalysts. For example, the 
photocatalytic rate on Ag(25 nm)@SiO2/Pt was 1.49-times greater than on SiO2/Pt. However, the 
heterostructures with 12 or 100 nm Ag only weakly enhanced CO oxidation activity under white 
light illumination, and in these cases the photocatalytic rates were actually lower than that of 
SiO2/Pt. For example, the Ag(12 nm)@SiO2/Pt sample exhibited 0.44-times the photocatalytic 
rates measured on SiO2/Pt. 
Wavelength-dependent QYs for photocatalytic CO oxidation over Pt catalysts deposited on 
Ag@SiO2 or SiO2 structures are shown in Figure 2B. The low photocatalytic rates for Ag(100 
nm)@SiO2/Pt made the wavelength dependence difficult to resolve, so these results were 
omitted. The CO oxidation QYs measured for SiO2/Pt (no Ag) exhibited a resonant deviation 
from the absorption spectrum of SiO2/Pt catalysts between 375−600 nm, with a peak QY at ~450 
nm. These results (both the resonant behavior and magnitude of QY) are in quantitative 
agreement with our previous study,
31
 which demonstrated that direct photoexcitation of 
hybridized Pt−CO states was the dominant mechanism driving photocatalysis on the Pt NPs. 
Rather than photons being absorbed by Pt, followed by hot carrier transient transfer to CO being 
responsible for driving CO desorption, photocatalysis in this system is mediated by direct 
absorption of photons by electronic transitions localized at the Pt-CO interface. The excitation 
process induces CO desorption by non-adiabatic vibrational energy deposition, which creates 
vacant Pt sites for the catalytic cycle. At each wavelength, QYs for Ag(25 nm)@SiO2/Pt are 
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slightly higher than those for Ag(50 nm)@SiO2/Pt, and in general the relative magnitudes of the 
QYs measured from all catalysts are in excellent agreement with the broadband intensity-
dependent measurements.  
From our quantitative photocatalytic measurements, we find that both the QY and the 
wavelength dependence of photocatalytic CO oxidation on Ag@SiO2/Pt heterostructures are 
influenced by Ag NP size in a complex manner. The magnitude of the measured photocatalytic 
rates and QYs are not proportional to the size of the Ag core, but rather, there is an optimal Ag 
NP size that enhances photocatalysis. This is somewhat surprising, since localizing catalytic 
metals in the near field of plasmonic particles is generally believed to enhance photocatalytic 
properties.
34-42
 However, few of these measurements were conducted in a light-limited regime. In 
this regime, Ag NP size influences the optical properties of the heterostructures through two 
mechanisms: the branching ratio of radiative and non-radiative plasmon decay, and the 
modulation of the magnitude of local electromagnetic field enhancements at the catalytic Pt 
surface. 
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Figure 3. (A) Schematic of the general model structure used for FDTD simulations in this study. 
Blue dash circles show the other three considered Pt NP positions. (B) Absorption cross section 
in Pt (AbsPt, solid curves, left axis) and Ag (AbsAg, dash curves, right axis), and (C) Pt absorption 
enhancement (ENHAbs) as a function of wavelength for Ag@SiO2/Pt heterostructures with 
Page 14 of 25
ACS Paragon Plus Environment
Nano Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
15 
 
different Ag NP sizes and a constant 10 nm SiO2 shell. 
 
To theoretically analyze how Ag NP size influenced light absorption in Ag@SiO2/Pt 
heterostructures, finite-difference time-domain (FDTD) simulations were performed. Ag NPs 
with varying sizes (12, 25, 50, and 100 nm) were employed as the plasmonic cores, which were 
coated by a constant 10 nm SiO2 shell and decorated with one 5 nm Pt NP. Due to the polarized 
and directional light flux used in our FDTD simulations, the position of the Pt NPs on the SiO2-
coated Ag NP can significantly influence coupling between the antenna NP and the catalytic NP. 
However, since our experiments utilized unpolarized light and randomly oriented 
heterostructures, we approximate our experimental systems by placing Pt NPs in the top-right 
quarter at the x-y plane of the Ag@SiO2 structure at four locations from 0 to 90
o
 (Figure 3A) and 
averaging the response for this range of orientations. We propose further justified assumptions to 
facilitate comparison of the theoretical and experimental systems (Section 4.1 and Figure S6-8, 
Supporting Information).  
While our simulations of the effect of the SiO2 shell thickness clearly demonstrated that a thinner 
SiO2 shell is highly advantageous for facilitating Pt coupling to the Ag NP plasmon (Section 4.3 
and Figure S9-11, Supporting Information), we here use 10 nm-thickness SiO2 layer and focus 
on the influence of Ag NP size on catalytic efficiency. The position-averaged light absorption 
cross sections in Pt and Ag in the Ag@SiO2/Pt heterostructures, and in an isolated Pt NP for 
comparison, are shown in Figure 3B (see further details in Figure S12). For each structure, the 
spectral shapes of the absorption cross sections in Pt were similar to the spectral shapes of 
absorption cross sections in Ag, indicating the enhancement of Pt absorption occurred through 
near-field coupling. The calculated absorption cross section in Pt in the Ag@SiO2/Pt 
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heterostructures are significantly enhanced from that of the isolated Pt NP. In contrast, there is no 
notable enhancement for the absorption cross section in Pt for SiO2(50 nm)/Pt structures (Figure 
S13). Light absorption by Pt in the Ag@SiO2/Pt heterostructures shows a strong dependence on 
Ag NP size. From Figure 3B, it is seen that for the 12 nm Ag NP (red), the cross section for light 
absorption by Pt is small, closer to that of the isolated Pt NP case (black). For the two 
intermediate-sized Ag NP cases (green and yellow), the Pt absorption lies in the 400-450 nm 
wavelength spectral window and is significantly enhanced compared to the isolated Pt case. For 
the 100 nm Ag NPs (blue), the Pt absorption is strongly redshifted to ~520 nm, and the 
absorption in the spectral window of interest corresponds to the Ag NP quadrupole mode. 
To quantitatively compare the influence of the Ag NP on Pt photon absorption, we defined the Pt 
absorption enhancement (ENHAbs, Eq. 4), which is the ratio between the Pt absorption cross 
section enhanced by the Ag NP plasmon in the heterostructures and the absorption cross section 
of an isolated Pt NP alone. 
89:;<= =		∑ 	?@A
BCDE#7(G)
BCDE∗(G)
-8@?                                            (Eq. 4) 
where AbsPt
*
 is the absorption in an isolated Pt NP without the Ag@SiO2 structure, AbsPt
#n
 is the 
absorption in Pt for Ag@SiO2/Pt with one Pt NP at #n position, and #n = 1, 2, 3, or 4 represents 
0°, 30°, 60°, or 90° position at the x-y plane, respectively, see Figure 3A. 
Figure 3C shows ENHAbs for the various heterostructures. It is seen that the ENHAbs exhibits 
similar magnitudes, although with different spectral shapes, for the heterostructures containing 
25, 50 and 100 nm Ag particles and is significantly diminished for the 12 nm Ag particle 
heterostructure. If photocatalysis is conducted on 2-D films of antenna-reactor complexes, where 
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all structures are illuminated with equal photon flux and the absorption efficiency by the film is 
much less than 100%, then ENHAbs provides a complete description of how significantly the Ag 
NP plasmonic near field will enhance Pt light absorption (Figure S15).
38-41
 However, in a 3-D 
catalyst bed operated in the light-limited regime, it is not enough to simply consider how much 
Ag enhances Pt light absorption in discrete heterostructures, and thus the relative magnitude of 
ENHAbs as a function of Ag particle size do not match the experimentally measured trends in 
photocatalytic rates (Figure 2).  
In 3-D reactor volumes operating in the light-limited regime, the fate of all incident photons must 
be considered, as any photons not contributing directly to the photocatalytic process will reduce 
the measured photocatalytic reactivity. The Ag NP plasmon can decay through non-radiative and 
radiative channels,
6,22,47
 each of which may influence the overall photocatalytic performance of 
the heterostructures. Non-radiative plasmon decay and hot carrier generation cannot contribute to 
hot-carrier mediated photocatalysis by Pt because of the insulating pinhole free SiO2 layer 
separating Ag and Pt. Although photon absorption by Ag could contribute indirectly to 
photocatalysis by Pt through heating of the heterostructure, the experimentally observed linear 
dependent of rate on light intensity suggests that heating is minimal at the experimentally 
explored light intensities. Plasmonic nanoparticles with diameters > 50 nm are efficient antennas 
that can re-radiate photons out of the catalyst bed, eliminating any possibility of contributing to 
photocatalysts. In an attempt to address these various effects, we defined performance metrics to 
evaluate plasmon-enhanced Pt NPs absorption in the examined heterostructures that account for 
absorption of photons by Ag and scattering of photons by Ag without Pt absorption (Section 4.4, 
Supporting Information).
48
 However, it is seen that none of the performance metrics defined 
based on the FDTD simulations of single heterostructures could capture the trends in 
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photocatalytic performance observed in Figure 2. Thus, we conclude that the collective behavior 
of the heterostructures in the 3-D catalyst bed must be considered simultaneously to account for 
the photocatalytic performance. 
 
 
Figure 4. (A) Wavelength-dependent fraction of photon scattered out of the catalyst bed for 
Ag@SiO2/Pt heterostructures with different Ag NP sizes derived from Monte Carlo simulations. 
(B) Electromagnetic field distributions at Pt surfaces in the x-y plane at 500 nm for the four 
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Ag@SiO2/Pt heterostructures with different Ag NP sizes. FDTD simulations were conducted 
with the model shown in Figure 3A. (C) Measured photocatalytic rates under 600 mW/cm
2
 white 
light (column bars), relative field enhancements at Pt surface from FDTD calculations (blue 
dots), and fractions of photons absorbed in the catalyst bed from Monte Carlo simulations (red 
crosses) for the four Ag@SiO2/Pt heterostructures with different Ag NP sizes. The relative field 
enhancements and fraction of photons absorbed in the catalyst bed were calculated based on Pt 
position averaging and the broadband illumination shown in Figure S3.  
 
To quantitatively probe the fate of photons in the examined 3-D catalyst beds, a Monte Carlo 
simulation approach was used to model light transport in catalyst beds consisting of Ag@SiO2/Pt 
heterostructures dispersed in SiO2 diluents (Section 5, Supplemental Information).
49,50
 The 
experimental SiO2/photocatalyst volumetric dilution ratio, which defined the particles density in 
the catalyst bed (Table S3), and FDTD calculated optical properties of the Ag@SiO2/Pt 
heterostructures were used to simulate each system. These simulations provide a quantitative 
prediction of the distribution of photons in the 3-D catalyst bed, including their average 
penetration depth, where they are primarily absorbed, and whether they are simply reflected out 
of the catalyst bed. The average penetration depth of photons in a catalyst bed loaded with each 
type of Ag@SiO2/Pt heterostructure was calculated as a function of photon wavelength, showing 
that photons at all wavelengths (except within ~20 nm of the LSPR peak) penetrate deeper into 
catalyst beds that are packed with smaller Ag NPs (Figure S16).  
To interpret our experimental results, the fraction of total incident photons that were scattered out 
of the catalyst bed was calculated as a function of wavelength (Figure 4A). For the case of 
Ag(100 nm)@SiO2/Pt heterostructures, ~40−70% (depending on wavelength) of all photons 
were scattered out of the catalyst bed and inaccessible for photocatalysis. The fraction of total 
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photons scattered from the catalyst bed significantly decreases with decreasing Ag core size, 
where for the Ag(12 nm)@SiO2/Pt case <5% of photons were scattered from the catalyst bed at 
all wavelengths, consistent with the size-dependent branching ratio of radiative and non-radiative 
NP plasmon decay. The Monte Carlo simulations provide excellent insight into why Ag(100 
nm)@SiO2/Pt heterostructures performed poorly as photocatalysts. This is because the strong 
radiative behavior of the heterostructures scatters ~40−70% of the incoming photons out of the 
catalyst bed. While these simulations provide a clear mechanistic explanation for the poor 
performance of Ag(100 nm)@SiO2/Pt heterostructures, they still cannot explain why the 
photocatalytic performance decreased with decreasing Ag size from 25 to 12 nm, a regime of 
high optical absorption and weak light scattering. 
To understand why Ag@SiO2/Pt heterostructures with 25 and 50 nm Ag cores were optimal for 
photocatalysis, we consider that photocatalytic CO oxidation on Pt is not simply driven by light 
absorption in Pt, but instead by the Ag antenna induced near-field enhancement at the Pt-CO 
interface that can induce a direct interfacial electronic transition. This was demonstrated by the 
resonant wavelength dependence of QY for Pt/SiO2 (Figure 2B). Because of this, the 
electromagnetic field strength at the Pt-CO interface, rather than light absorption by the Pt NP, 
controls photocatalysis. In this mechanism, the enhanced near-fields at the Pt-CO interface due to 
localization near Ag increases the rate of direct photoexctiation of the Pt-CO bond and thus the 
rate of CO oxidation. We simulated the electromagnetic field density distribution at the Pt 
surfaces (see Section 6, Supplemental Information) as a function of incident light wavelength for 
each heterostructure. Generally, larger Ag cores result in stronger electromagnetic field 
enhancement at Pt surfaces (Figure S17-18). This can be visually seen in Figure 4B, where the 
electromagnetic field distributions at the Pt surfaces on each heterostructure under 500 nm 
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wavelength light illumination are shown. It is clear that the field intensity at the Pt-CO interface 
increases with increasing Ag size. Thus, the optimum photocatalytic performance of Ag(25 or 50 
nm)@SiO2/Pt occurs because these structures provide the most effective balance of photons 
absorbed within the catalyst bed (not scattered from the top) while still significantly enhancing 
the field intensity at the Pt-CO interface. 
To directly show this balance, the photocatalytic rates under broadband light illumination 
(measured at 600 mW/cm
2
, although the trend is similar at all photon fluxes) were plotted 
simultaneously with the field enhancements at the Pt surface (simulated by FDTD method) and 
the photon fraction absorbed in the catalyst bed (calculated by Monte Carlo approach) for each 
heterostructure with varying Ag NP size (Figure 4C). The field enhancements and absorbed 
photon fractions were calculated as weighted averages with respect to the broadband spectrum of 
the light source in our photocatalysis measurements followed by normalization, to allow 
comparison with photocatalysis measurements conducted with a broadband photon flux. As the 
Ag NP size is increased, the relative field enhancement at the Pt-CO interface increases, but the 
fraction of total photons absorbed by the catalyst bed decreases. Thus, we find that when Ag 
particles are large enough (100 nm) to exhibit a significant scattering cross section, photons are 
scattered out of the catalyst bed, ultimately reducing the photocatalytic performance of the 
Ag@SiO2/Pt heterostructures relative to the isolated SiO2/Pt structures. However, when the Ag 
NPs are small (12 nm), the local field enhancement at the catalytic Pt interface is minimal, with 
the small Ag NPs absorbing a large fraction of the incoming photons (Figure 3D), reducing the 
photocatalytic performance relative to the isolated SiO2/Pt structures. When Ag exists in an 
intermediate size (25 or 50 nm), the incident photons penetrate deeply into the catalyst bed and 
generate intense local fields at the Pt surface, enabling the Ag NP antenna to effectively enhance 
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the Pt catalytic performance compared to the isolated SiO2/Pt structures, even in the light-limited 
regime where all incident photons are used. Given the demonstrated importance of near-field 
enhancement magnitude at the Pt-CO interface, we further suggest that synthetic methods that 
reduce the thickness or dielectric function of the spacing layer between the plasmonic and 
catalytic nanoparticles will also be of critical importance for optimization of photocatalytic 
performance. 
In summary, we have studied how the size dependence of the plasmonic antenna component of 
Ag@SiO2/Pt antenna-reactor photocatalysts can control photocatalytic CO oxidation activity at 
the Pt surface. In our experimental studies and theoretical analysis of this system, we examined 
how the relative roles of the plasmonic near-field enhancement, optical absorption, and multiple 
light scattering events in a concentrated 3-D catalyst bed geometry all influence the efficiency of 
these photocatalysts. This study shows that under the light-limited regime, an optimal plasmonic 
antenna size is required to enable enhanced plasmonic photocatalysis in an antenna-reactor 
complex. These results are expected to further stimulate the design of unique, multicomponent 
plasmonic photocatalyst heterostructures with optimized light-activation efficiencies, as well as 
to address the critical importance of photocatalyst concentration in 3-D catalyst beds. 
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